Glycan analysis of virion-derived glycoproteins is challenging due to the difficulties in glycoprotein isolation and low sample abundance. Here, we describe how ion mobility mass spectrometry can be used to obtain spectra from virion samples. We also describe how negative ion fragmentation of glycans can be used to probe structural features of virion glycans.
Determination of N-linked glycosylation in viral glycoproteins by negative ion mass spectrometry and ion mobility
David
Introduction
Membrane-embedded glycoproteins that extend from the virion surface are key determinants of host cell tropism and pathobiology (1). An understanding of the structure of such viral glycoproteins is key for revealing mechanisms of host infection and molecular targets of the immune response.
Biophysical tools such as macromolecular crystallography and electron microscopy are important for studying viral glycoprotein functionality at the amino-acid level (2) . However, due to the inherent flexibility and heterogeneity of glycans, these techniques are often unsuitable for defining glycan structure and composition. As a result, glycans are often removed prior to structural analysis (3) and as such, their structure and function remain poorly understood with respect to protein-counterparts.
Virion-presented N-linked glycosylation is known to play multiple roles in the virus-life cycle. Whilst often a basic requirement for host-directed protein-biosynthesis and -folding, more diverse roles have been identified in processes such as host cell infection and immune evasion. For example, the glycoproteins from a number of viruses, including flaviviruses, alphaviruses, and phleboviruses, have been observed to display high-mannose type glycans, which act as attachment receptors for host Ctype lectins, such as DC-SIGN (4) . N-linked glycans are also known to play a role in viral immune evasion. For example, in the case of HIV-1, where glycosylation content accounts for around 50% of the molecular mass of the gp120 viral attachment protein, the high-mannose content of the 'glycan shield' creates an immunologically 'non-self' mannose patch (5) (6) (7) . The recent discovery of a library of monoclonal antibodies that target both these glycan patches and mixed protein-glycan epitopes (8) (9) (10) (11) (12) (13) provides hope for the future development of an anti-glycan inducing vaccine (14) (15) (16) .
The extent by which host-derived biosynthetic enzymes influence viral glycan composition is fundamentally dependent upon the extraneous protein environment during glycoprotein biosynthesis and folding (17) . As such, accurate glycan structure and compositional analysis necessitates a sample most closely resembling that produced in infected tissue. Here, using Uukuniemi phlebovirus as a model system, we present a robust ion mobility mass spectrometry-based methodology for compositional and structural analysis of N-linked glycans derived from intact virions produced in cell culture (Figure 1) , the results of which have recently been reported (18) . This methodology relies upon the production of viral particles to a purity sufficient for isolation by SDS-PAGE analysis. To confirm virion integrity, electron microscopy is utilized as a validation tool, prior to mass spectrometric analysis. We anticipate that the sensitivity of this approach will enable study of low-titre and difficult to isolate viruses, previously not tractable for glycan analysis.
Mass Spectrometry 1.1.1 Ionization
Mass spectra of the N-glycans can be obtained using either matrix-assisted laser desorption/ionization (MALDI) or electrospray ionization (ESI). MALDI in positive ion mode is most appropriate for obtaining profiles of neutral glycans because of the production of singly charged [M+Na] + ions. Sialylated glycans, however, are relatively unstable and readily eliminate sialic acid as the result of the mobile nature of the carboxyl proton. This decomposition can be prevented by derivatization of the carboxyl group by esterification (19, 20) or amide formation (21) . Methyl esters can conveniently be prepared by reaction of the sodium salts of the sialic acids with methyl iodide (19) . A more useful reaction is that with methanol catalysed by 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM). This reaction produces methyl esters from 2-6-linked sialic acids and lactones from 2-3-linked acids (20) . The mass difference between these products is 32 units allowing the linkage of the sialic acids to be determined directly by mass measurement. The same catalyst can be used to synthesise amides.
ESI has the disadvantage of producing fragmentation in the ion source of the mass spectrometer and production of ions in several charge states, often leading to several ions from each glycan. Hence the advantage of MALDI for glycan profiling. In addition, several adducts are sometimes produced, particularly in negative ion mode, further complicating the spectra. This situation, however, can be improved by adding various salts to direct adduct formation in only one direction as described below
Fragmentation
Carbohydrates fragment predominantly by two mechanisms: glycosidic cleavages between the sugar rings and cross-ring cleavages formed by cleavage of two bonds within the rings. Glycosidic cleavages give information on constituent monosaccharide sequences whereas the cross-ring cleavages yield information on the positions of attachment of the various constituent sugars. Although fragmentation in positive ion mode has been the favoured method in the past, negative ion fragmentation has been shown to produce simpler but much more structurally informative spectra (22) (23) (24) (25) and is used here. Main disadvantages of positive ion spectra are the production of glycosidic fragments by loss of residues from several sites and the generally low abundance of cross-ring cleavage ions. Negative ion spectra, on the other hand contain abundant cross-ring cleavage products as the result of proton loss from specific hydroxyl groups. They enable structural features such as the branching pattern of the glycan, the location of fucose, the presence of bisects and the number of isomers to be determined directly; features that are difficult to determine by positive ion fragmentation. Some typical spectra are shown in Figures 2 and 3 n-ions. These ions are formed by loss of protons from the sialic acids rather than the OH groups, thus inhibiting the formation of the main diagnostic ions that were present in the spectra of the neutral glycans. Derivatization, as described above, removes this problem.
The scheme that is universally used to name the fragment ions is that devised by Domon and Costello in 1988 (26) . For ions with charge retention on the reducing end of the ion, glycosidic cleavage ions are labelled Y (cleavage on the non-reducing end of the linking oxygen) and Z with subscript numbers starting with 1 for the reducing terminal glycan as shown in Figure 4 . Corresponding glycosidic cleavages with charge retention on the non-reducing end of the ion are labelled B and C with subscript numbers starting from the non-reducing end. Cross ring cleavages are A and X with preceding superscript numbers denoting which bonds are cleaved. Negative ion spectra tend to contain larger amounts of B, C and particularly A-type fragments. We have modified this system somewhat when discussing fragmentation of the reducing terminus. Here, under the Domon and Costello system, the subscript numbers change as the result of differing chain lengths. In order to avoid the subsequent confusion, A, B and C ions are given the subscript R for cleavages at the reducing terminal GlcNAc, R-1 for the penultimate GlcNAc and R-2 for the branching mannose. Ions formed by a specific loss of the 3-antenna and chitobiose core, i.e. they contain the intact 6-antenna and branching mannose are called D ions. A cross ring cleavage ion from the mannose residue in the 3-antenna containing carbons 1-4 and, consequently the chains linked to carbons 2 and 4 for in some triantennary glycans is referred to as an E-type ion. The D and E nomenclature is not part of the Domon and Costello system.
Ion mobility
Work reported in this paper uses the Waters Synapt G2 mass spectrometer which has a Q-Tof-type configuration with a travelling-wave ion mobility cell positioned between the quadrupole and the TOF analyser. A trap collision cell precedes the ion mobility cell and a second collision cell, known as the transfer cell follows it. For the work reported here, collision-induced decomposition (CID) is performed in the transfer cell. The ion mobility cell separates ions on the basis of charge and shape and is used in this work both to separate ions in different charge states and to remove contaminants (27, 28) . Figure 5a shows the ESI spectra of N-glycans from UUKV. The spectrum is weak, as would be expected from the small amount of material available. Figure 6 shows a plot (Waters Driftscope) of ion mobility drift time against m/z showing fractionation of the glycan ions according to charge. By selecting the regions highlighted in the figure, the profiles of glycans with one, two and three/four charges can be extracted and displayed as in panels c, d and e of Figure 5 . Not only does this method allow ions in specific charge states to be extracted but much of the chemical noise is rejected giving clean spectra with good signal:noise ratios. Ion mobility can be used in the same way to clean fragment ions by removing those fragments produced by co-selected parent ions with equivalent m/z values. A good example of this is the singly charged ion at m/z 1007 corresponding to Man 3 GlcNAc 2 and the triply charged ion from Gal 3 Man 3 GlcNAc 5 Fuc 1 Neu5Ac 3 both of which are commonly found in N-glycan mixtures.
Negative ion fragmentation combined with ion mobility can be used to detect the presence of isomeric glycans. Such compounds cannot be separated by mass spectrometry alone but, frequently their negative ion fragmentation spectra contain ions of different mass. By plotting arrival time distributions of these fragments it can often be seen that there is a small separation between them confirming the presence of isomers. Another parameter that can be derived is the collisional cross section of the ions. This parameter is independent of the instrument used to record the cross section and can, thus, be used in databases in a similar way to the use of glucose units in HPLC. 34. PCR tubes or equivalent for handling l quantities of solution.
35. Nafion membrane (Aldrich, Poole, UK)
36 Concentrated nitric acid.
37, 250 ml beaker (for preparing Nafion membranes). 46. Electric heating block or water bath.
47. Ammonium phosphate.
48. Waters Synapt G2 mass spectrometer (Waters Corp. Manchester, UK).
Nanospray capillaries (see Note 4).

2,5-Dihydroxybenzoic acid (DHB).
51. Acetonitrile, ethanol, acetone. About 1 ml each for preparation of MALDI matrices. 58. 96-well 2 ml collection plate 58. 96-well vacuum manifold assembly block and vacuum manifold pump.
Methods
Virus production
The UUKV production and purification protocol is similar to previously established methods (30, 31) . 1. Prepare the following solutions: 20 mM HEPES, 100 mM NaCl, 2 mM EDTA (H20N100E2, see Note 5). 20% sucrose in 20 mM HEPES, 100 mM NaCl, 2 mM EDTA. Phosphate buffered saline (PBS), to be autoclaved. Cool down the first two solutions to 4 °C and sterilize by filtration.
2. BHK-21 cells are propagated to ~80-90% confluency in 175 cm 2 cell culture flasks, using PBS for cell wash steps and Trypsin-EDTA solution for cell detachment, as required for cell passaging of adherent cells. The total volume of complete growth media used is 20 ml per cell culture flask (see Note 6).
3. The amount of virus needed per flask is determined for a multiplicity of infection (MoI) of 0.1. To this end, determine the number of cells per flask by using a cell counting chamber. Scale the amount of virus according to the number of flasks used. Add a pre-determined volume of concentrated UUKV S23 preparation corresponding to a MoI of 0.1 into a sterile container (e.g. an empty cell culture flask) that contains a multiple of 20 ml serum-free growth media (add some excess). Mix well by pipetting up and down.
4. Wash cells once with serum-free growth media. Add 20 ml of UUKV inoculum to each flask.
5. Incubate flasks for 1h at 37°C and 5% CO 2 .
6. Remove virus inoculum, add 20 ml of serum-free growth media, and incubate for two days, up to 48 h (see Note 7) at 37°C and 5% CO 2 .
7. Collect virus-containing cell supernatant in 50 ml Falcon tubes, cool to 4°C, and centrifuge for 30 minutes at 3000 x g, 4°C.
8. After centrifugation, pool virus-containing supernatant (e.g. in a sterile T175 flask).
9. Add viral supernatant into plastic ultracentrifuge tubes compatible with Beckman-Coulter SW32/28 centrifuge buckets and 2 ml of 20% sucrose solution from the bottom of the tube (see Note 8).
10. Place the plastic ultracentrifuge tubes containing both the infectious supernatant and sucrose cushion into the ultracentrifuge buckets and centrifuge for 2 hours at 4°C and 100,000 x g.
11.
After centrifugation, discard the supernatant, blot the excess of liquid with paper, and immediately add 100-300 µl cold H20N100E2 buffer to the virus pellet. Dissolve the pellet overnight at 4°C (see Note 9).
12. Gently but fully resuspend the virus pellet by pipetting on ice. At this point, aliquots can be prepared and stored at -80 °C for long term storage (see Note 10).
Electron cryo-microscopy of UUKV preparations
This section describes virus sample preparation for the qualitative assessment of native UUKV particles by electron cryo-microscopy. Alternatively, negative staining at room temperature microscopy can be used, although this method may be less suitable for assessing structural integrity of membraneous viruses in the unfixed state, because the stain (e.g. uranylacetate) would compromise the structural integrity of the virions. Electron cryo-microscopy acquisition parameters used for UUKV are given below, but for a detailed description of sample mounting and image acquisition using an FEI Polara electron microscope (as used here), please refer to (32) . A lower end electron microscope is suitable as long as the sample holder of the microscope can be used at liquid nitrogen temperature and the viral glycoprotein spikes and lipid bilayers are visible in the acquired projection images.
1. Cool the plunge-freezer (see Note 1) with liquid nitrogen (allow 20 minutes for cooling to liquid nitrogen temperature).
2. Wrap a glass slide in parafilm and place electron microscopy grids onto the slide, with the carbon film facing upwards.
3. Place the slide into the plasma cleaner chamber under vacuum for at least one minute. Perform glow discharge, which renders the carbon film of the copper grids hydrophilic, according to the manufacturer's instructions (see Note 11). With the Harrick plasma cleaner, the carbon-coated copper grids are glow-discharged for 20 seconds at the highest intensity. After glow discharge, store the slide with the grids in a plastic Petri dish, to prevent contact with dust 4. Add liquid ethane to the dedicated liquid ethane cup.
5. Add a few hundred µl of neutral pH buffer (e.g. H20N100) on top of a strip of parafilm.
6. Select a glow-discharged grid by using inverted tweezers. Add virus solution (3 µl of virus preparation with a glycoprotein concentration in the lower µM range) onto the carbon coated side of the grid. Wash the carbon coated side facing the drop for 10 to 20 seconds against wash buffer (e.g. H20N100) to remove residual sucrose. Remove the grid sideways from the buffer too keep the liquid on the grid (33).
7. Mount tweezers onto the plunge freezing device and blot the liquid away with filter paper from the uncoated side of the grid, until the liquid stops spreading on the paper (typically for 2-4 seconds). As soon as the liquid stops spreading, release the tweezers from the plungefreezing rod to allow rapid immersion of the grid in liquid ethane for vitrification. Once the grid is frozen, it has to be kept at liquid nitrogen temperature. Unmount the tweezers from the rod, transfer to a grid box in liquid nitrogen, close the grid box lid using the grid box tool, and store in liquid nitrogen until further use.
8. Assess the UUKV preparation in any electron microscope equipped for analysis of vitrified specimens at liquid nitrogen temperatures. For simple projection image acquisition on the FEI Tecnai Polara, we acquired images at -5 µm defocus, 300 kV, and a nominal magnification of 59000x (75000x calibrated magnification), leading to a calibrated pixel size of 2 Å/pixel. The images were recorded with a charge-coupled device (CCD) camera (Ultrascan 4000, Gatan, USA), in low dose mode, using 20 electrons/Å 2 ( Figure 1 ).
SDS-PAGE of UUKV preparation and gel band excision
For a reproducible MS analysis of glycoprotein-derived N-glycans, glycoprotein bands on SDS gels need to contain protein in the range of several µg. In a previous study, as much as ~4 µg per viral glycoprotein were sufficient to generate reproducible MS data (34).
1. For UUKV, a second pelleting step over a sucrose cushion that increases the virus concentration, is needed. To this end, dilute appropriate amounts of concentrated UUKV preparations from the first pelleting step in serum-free GMEM, and re-pellet over a sucrose cushion in a single ultracentrifuge tube.
2. Mix the virus sample with non-reducing SDS sample buffer at room temperature and load onto an SDS gel. Additionally, load 10 μl of Precision Plus Protein™ Kaleidoscope™ Standards.
3. Run the SDS gel for 1 hour at 180 V.
4. Stain gels with Safestain and de-stain with de-ionized water.
5. Cut out bands corresponding to viral glycoproteins with a sterile scalpel on a clean surface (to avoid cross-contamination). Cut bands into pieces approximately 1 x 1 mm 2 and freeze at -20 °C until further use.
Release of glycans from within the SDS gel bands
1. Wash the gel pieces alternately with 1 ml of acetonitrile and de-ionized water. Perform five washing steps in total, starting and finishing with acetonitrile. On the final wash leave the gel pieces in acetonitrile for 10 min to allow dehydration of the gel. Discard the acetonitrile wash and dry gel bands fully in the vacuum concentrator.
2. Dilute PNGase F 1:100 in de-ionized water and add 50 μl to each sample. Allow the gel pieces to rehydrate fully, adding more PNGase F solution as necessary so the gel pieces are just covered.
3. Incubate samples for 16 hours at 37°C.
4.
Transfer reaction supernatant to clean 1.5 ml Eppendorf. Wash gel pieces with 100 μl deionised water, each time vortexing well, and transfer washes to the stored supernatant.
5. Dry eluted glycans in the vacuum concentrator.
Analysis by mass spectrometry / Sample preparation
Sialylated glycans can be profiled directly by negative ion electrospray mass spectrometry where they will produce singly or multiply charged ions depending on the number of sialic acids but fragmentation will provide little detailed structural information. Alternatively, glycan profiles can be obtained by MALDI after preparation of methyl esters or amides because underivatized sialylated glycans will eliminate much sialic acid under these conditions. Permethylation is not advised because such compounds do not give negative ion fragmentation spectra. A good compromise is to record the spectra by electrospray to obtain molecular weight and composition information together with information on the nature and linkage of the sialic acid, then desialylate and repeat the acquisition. The spectra of the resulting desialylated glycans will provide the necessary structural information enabling the structures of the sialylated glycans to be deduced. No useful structural information is gained by reducing-terminal derivatization; in most cases, such derivatization has a detrimental effect on fragmentation. Glycans derivitised with 2-aminobenzoic acid, in particular, produce little useful information because the negative charged is localized on the derivative rather than on the glycan.
1. Glycan samples should be dissolved in water at approximately 1 g/l.
2. Prepare Nafion 117 membrane as described by Bornsen et al. (35) . (see Notes 12 and 13)
3. Cut the membrane into approximately 2 x 2 cm squares and float one of these in a small container of water. A Petri dish is a suitable container.
4. Place 1 l samples of the glycan solutions on the surface of the membrane, cover the dish to limit evaporation and leave for about an hour (see Note 14).
5. Analyse the sample by MALDI or ESI as described below (Section 3.5.2).
If the glycans are found to be sialylated, the next step is either to remove the sialic acids and re-run the sample as neutral glycans as above or to derivatize the sialic acid moiety by forming methyl esters or amides to convert them to neutral compounds.
5. Evaporate to dryness with a rotary evaporator.
6. Wash the sides of the tube with a further 100 l of water to concentrate the sample at the bottom of the tube and again evaporate to dryness.
7. Dissolve the sample in dry dimethylsulfoxide (DMSO, 1 l) (see Note 15).
8. Add methyl iodide (1 ml, see Note 16) and allow the mixture to stand for 2 h at room temperature.
9. Add a further 5 l of DMSO and evaporate the methyl iodide with a stream of nitrogen.
10. Evaporate to dryness with a rotary evaporator. The sample can now be re-dissolved in water and analysed as above.
11. If MALDI is used for analysis, 1 l aliquots of the DMSO solution can be spotted directly onto the MALDI target and allowed to dry (see Note 17).
Use of methanol and DMT-MM (20) (see Note 3)
1. Evaporate the cleaned glycan sample to dryness.
Add methanol (10 l) and 1 l of a methanolic solution (0.1 M) of DMT-MM (see Note 18).
3. Incubate at about 80 o C for 1 hour 4. Evaporate to dryness and analyse by MALDI or ESI.
Acquisition of mass spectra data
Samples can be ionized either by ESI or by MALDI using a mass spectrometer such as the Waters Synapt G2 fitted with a MALDI ion source or with a MALDI-TOF instrument. Although it would be possible to analyse the samples by directly coupled HPLC-MS, the procedure reported here is specifically designed for clean-up of the samples by ion mobility.
ESI
1. Remove the sample from the Nafion membrane (from Section X.1.4) with a 2 l pipette and place into a PCR tube (or small equivalent).
2. Add 3 l water, 4 l methanol and 1 l of 0.05 M ammonium phosphate (see Note 19).
3. Spin at 10,000 x g for 1 min. to sediment any particulates.
Transfer the sample to a nanospray capillary (see Note 4).
5. Spray into the mass spectrometer (a Waters Synapt G2 instrument is used in our work and settings refer to this instrument). Suitable parameters are: Capillary potential, 1.1 kV; Ion source temperature, 80 o C; Cone voltage 100 V. These parameters may be altered depending on the sample.
6. Record the mass spectrum with the mobility cell switched on.
7. Record CID spectra for target ions as described below.
MALDI ionization
1. Remove the sample from the Nafion membrane with a 2 l pipette and place on the MALDI target plate.
2. For positive ion spectra, add 1 l of a solution of 2,5-dihydroxybenzoic acid (DHB, 10 mg DHB in 1 ml acetonitrile, see Note 20) and allow to dry under ambient conditions.
3. Re-dissolve in a minimum amount of ethanol (about 0.2 l) and allow to dry (see Note 21).
4. For production of negative ion MALDI spectra, use an equivalent amount of 2,4,6-trihydroxyacetophenone (THAP, in acetone) as the matrix and add 0.5 l of 0.5 M ammonium nitrate (36) . Allow to dry. Ethanol recrystallization is not needed because of the smaller crystals produced by THAP.
5. Introduce the target into the mass spectrometer and ionize with the minimum laser power that is consistent with sufficient signal strength.
Acquisition of ion mobility data
1. Set up the Synapt instrument for either ESI or MALDI ionization as above.
2. In ion mobility mode mode, set the ion mobility wave velocity to 450 m/sec and the wave height to 40 V.
3. Record the spectrum over the mass range m/z 50 -3500.
Acquisition of fragmentation data by collision-induced sissociation (CID)
1. Set up the Synapt instrument in IMS mode for either ESI or MALDI ionization as above.
2. Record CID spectra for target ions in the transfer cell (see Note 22), accumulating the signal until a satisfactory signal:noise ratio is obtained (see Note 23). The voltage on the collision cell should be set to be appropriate to the m/z value of the ions being fragmented using the information in Figure 7 (see Note 24). Spectra are interpreted as described in section X.3.1.
Extraction of glycan ions using ion mobility.
1. Open the mass spectral file with DriftScope.
2. Select the ions of interest (click the "+" button followed by one of the blue symbols) (see Note 25).
3. Export the selected region to MassLynx (Use "File", "Export to MassLynx", "Retain drift time"). DriftScope appends concecutive numbers to the file name to identify the selected region.
4. Open the selected file in MassLynx, Chromatogram window and drag with the right mouse button across the display to show the mass spectrum in the spectrum window.
5. Dragging across selected ions or groups of ions (usually isotope peaks) with the right mouse button in the spectrum window displays the ion mobility data for the selected ions in the chromatogram window. These profiles should be roughly Gaussian for single components but may assymetric if isomers or conformers are present (see Note 26)
6. CID spectra are best opened in DriftScope and the ions of interested selected as above (see Note 27).
Interpretation of negative ion CID data of neutral ions (phosphate adducts, singly charged ions, with reference to Figure 2) (see Note 28)
1. Locate the 2, 4 A R , B R-1 and 2,4 A R-1 ions (see Note 29). Table 1 to derermine which adduct is present and, hence, the molecular weight of the glycan.
Use
3. From the molecular weight, determine the isobaric monosaccharide content (see Notes 30 and 31).
4. The mass difference between the molecular ion and the 2,4 A R ion (see Table 1 , phosphate adducts) shows the presence or absence of fucose at the 6-position of the reducing terminal GlcNAc. Absence of the 2,4 A R ion indicates substitution (fucose) at the 3-position of this GlcNAc.
5. Residues at the non-reducing terminus are identified by the masses of the C 1 fragments listed in Table 3 . A R-2 ions (Table 4 ).
7. The branching pattern of the triantennary glycans can be determined by the presence of the ions listed in Table 5 (37) (see Figure 2 ).
8. The antenna composition is specified by the prominent cross-ring cleavage ion, (monosaccharides)+CH=CH-0 -ions listed in Table 6 .
9. The presence of bisecting GlcNAc is revealed by the absence of a D ion and the presence of a prominent D-221 ion (loss of the bisecting GlcNAc) with masses as for the D-18 ions in Table 3 ( Figure 2c ).
10. Sialylated glycans (Neu5Ac) produce a prominent B 1 ion at m/z 290 (Figure 3a,b,c ). An additional ion of 10-15% relative abundance at m/z 306 indicates that the sialic acid is 2-6-linked (38) . Neu5Gc-substituted glycans produce corresponding ions at m/z 306 and 322.
11. Glycans containing sulfated GalNAcGlcNAc moieties fragment to give two very prominent ions at m/z 282 and 485 (Figure 3c ).
Notes
1. The manually-operated plunge freezer device used in this protocol was custom-built in the Max Planck Institute for Biochemistry, Martinsried, Germany. Semi-automatic alternatives include, for example, those manufactured by FEI (Vitrobot; FEI, Netherlands) and Gatan (Cryo plunge 3; Gatan, USA). If one of the latter devices is used, the blotting protocols may need to be adjusted, and it is of advantage to keep the grids, once loaded with virus sample, in a humid atmosphere. Additionally, other EM grids (molybdenum or copper) may be purchased, such as holey carbon film C-flat grids (Protochips, USA), as long as they have a holey carbon film.
2. Negative action tweezers can be modified to fit a custom-built plunge-freezer. If a commercial plunge-freezer is used, follow the manufacturer's guidance regarding which tweezers are most appropriate.
3. DMT-MM can be purchased from Sigma-Aldrich (Product code 74104) or synthesed from Nmethylmorpholine and 4-chloro-2,6-dimethoxytriazine by the method described by Kunishima et al. (39) .
4. Waters long thin wall capillaries (part No. M956232AD1-S) are satisfactory or capillaries can be made "in house".
5. Alternative buffers may be equally suitable as long as they contain 100 mM NaCl and are held at neutral pH (e.g. pH 7.2 to pH 7.5). For example, as an alternative one may use 20 mM Trisbuffer, 100 mM NaCl pH 7.4. The use of EDTA in resuspension buffer and sucrose solution is not essential. If no EDTA is used in the virus resuspension buffer, it needs to be present in the SDS sample buffer (~2mM EDTA), otherwise there will be aggregation in the wells of the SDS-gel.
6. All the procedures that involve living cells and virus should be carried out in a standard class 2 biosafety cabinet.
7 Infectious supernatant can also be harvested before 48 h incubation, usually once the cells start detaching, which may happen after ~43 h of incubation already.
8. Sucrose may be added using 1 ml filter tips or serological pipettes. Care needs to be taken not to overfill the tubes before adding the cushion from the bottom. Ideally, about 30 ml of infectious supernatant can be added first and then 2 ml of sucrose solution. Remaining supernatant may then be added carefully from the top to fill the tube to the maximal recommended volume.
9. For the overnight incubation step, the ultracentrifuge tubes may be transferred to 50 ml plastic falcon tubes, sealed and stored in a fridge or cold room, to avoid incubation of open containers on ice. Virus pellets should be dissolved for at least two hours.
10 The amount of viral glycoprotein present in the virus preparation may be estimated by SDS-PAGE analysis using different volumes (e.g. 5-20 µl of virus preparation), using a reference protein with known concentration. Viral glycoprotein concentrations of Uukuniemi virus pellets are usually in the lower µM range.
11. Depending on the exact device available, the glow discharging procedure may be different. In principle, after a vacuum has been pumped, a small amount of air is allowed to flow back into the chamber, to allow plasma formation, which in turn will ionize the carbon film, rendering it more hydrophilic.
12. Cleaning the sample with a Nafion membrane is only one of several methods that could be adopted. Others include the use of porous graphatized carbon (PGC) (40) or cellulose (41).
13. Nafion acts as a dialysis membrane allowing ions from salts etc. to diffuse into the water. It also has the ability to adsorb hydrophobic compounds; thus it is not appropriate for cleaning glycans that have been derivatized with e.g. with 2-aminobenzamide (2-AB).
15. The length of time that the sample should remain on the membrane will depend on the amount of contaminants and should be determined by trial and error. Heavily contaminated samples benefit from leaving for several hours e.g. overnight. If the sample contains glycerol (found in some PNGase F preparations, water will diffuse into the sample, causing swelling and the possibility of samples merging. Such PNGase F preparations should be avoided.
15. DMSO can be dried with (4Å, 14 x 30 mesh) molecular sieve.
16. Methyl iodide is toxic; consequently these steps should be performed in a fume hood.
17. DMSO has a low volatility and drying may take several hours.
18. DMT-MM solutions in methanol are relatively unstable and must be made up immediately before use. Alternatively, a small crystal of DMT-MM can be adde to the methanolic glycan solution.
19. Other ammonium salts could be used at this stage to form the corresponding [M+X] -ions.
20. Many other matrices have been reported for analysis of glycans (42) but DHB is the most widely used.
21. DHB typically dries to give a target containing large crystals of DHB that point from the perifery of the target towards the center. The purpose of the ethanol is to produce a more uniform target with smaller crystals.
22. Fragment ions from the transfer cell all have the same mobility and are displayed vertically in a drift time (x axis):m/z plot and easily separated from contaminating ions. Fragmentation can also be performed in the trap cell (before fragmentation) allowing mobility data to be collected from each fragment.
23. For complicated samples, there is a balance between the number of spectra that can be recorded before the sample is exhausted and the signal:noise ratio. Selected ions can be targetted, if know, or if not, a good strategy is to target the abundant ions first as these will require less time for spectral acquisition allowing the maximum number of glycans to be fragmented before the sample is exhausted.
24. The voltage on the collision cell should not be allowed to rise more than about 30 V above the recommended value in order to prevent the spectrum changing to one in which most diagnostic ions are missing (43).
Ion selection buttons in DriftScope:
The square highlights a rectangular region by dragging the mouse. The triangle extracts a triangular section. The circle allows the user to draw around the region of interest and the half-filled square is used to highlight a region by clicking at various points around the region of interest (double click to close the selected region).
26. Isomers and conformers can usually be differentiated by plotting corresponding mobilograms of fragment ions. If these have the same profile as that of the molecular ion, assymetry is probably due to conformers. If not, isomers are present.
27. Any ion that falls within the window used by the quadrupole will produce fragments. With mixtures, it is often the case that several ions can be selected and each will produce fragments. See the example of m/z 1007 discussed above. (44) or that in GlycoWorkbench (http://glycomics.ccrc.uga.edu/eurocarb/gwb/home.action) can be used to obtain the composition from the measured mass. Unfortunately, the GlycoWorkbench algorithm does not work in negative ion mode but compositions can be obtained by using a mass corresponding to the experimentally measused mass, by subtraction of the mass of the adduct minus 1 (i.e. the mass of the [M+1]
+ ion) from that of the measured ion. It must be remembered that this composition does not specify individual monosaccharide types such as galactose, mannose etc. that have the same mass. This information must be obtained by other methods such as GC/MS following hydrolysis or exoglycosidase digestions. Also, attempts to completely identify a structure by simply matching the composition to structures in a database is not rigerous enough because of a potentially large number of glycans that could have the same composition. More information (e.g. fragmentation, exoglycosidase digestion, methylation analysis) must be obtained. Experimental details for performing GC/MS analyses can be found in reference (40) and suitable exoglycosidases and incubation protocols are described in the same reference. However, for these virus samples, there probably will not be enough material for GC/MS linkage analysis.
31. A potential problem occurs when preparations of PNGase F contain dithiothreitol (added to denature proteins). This compound can liberate H 2 S which competes with water when the glycosylamine that is released by the enzyme is hydrolysed to the glycan. Instead of an OH group at the anomeric position, H 2 S introduces an SH group. The mass difference between this group and OH is 16 which is the mass of oxygen. Thus, the reducing terminal GlcNAc and its attached substituents, such as fucose would appear to contain an extra oxygen. If fucose is present the result can be a mis-diagnosis as hexose. Because the anomeric position and the fucose are lost in formation of the 2, 4 A R ion, the fragmentation spectrum is fully consistent with this incorrect deduction (45) . Other groups have also been reported to attach to the reducing terminus in this way, an example being urea (46) . The masses of the intact glycans can be obtained by addition of the residue masses given above, plus the mass of the terminal group (H 2 O for an unmodified glycan) 18.011 (monoisotopic) and 18.152 (average), the mass of the adduct and the mass of any reducing-terminal or other derivative. 
